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Experimental and theoretical study of
bidirectional photoswitching behavior of
5,50-diphenylhydantoin Schiff bases: synthesis,
crystal structure and kinetic approaches†

Petar Todorov, *a Stela Georgieva,b Petia Peneva,ac Rusi Rusew,c Boris Shivachevc

and Anton Georgiev *ad

Herein, the synthesis and characterization of four novel 5,50-diphenylhydantoin Schiff bases containing

different aromatic species are presented. Their structure–property relationship was studied by X-ray,

optical and electrochemical methods as well as DFT calculations in terms of their E/Z photoisomerization

and enol/keto phototaumerization. The big challenge in photoinduced motion is achieving control and

stability over the two isomers. Solvent-driven bidirectional photoswitching behavior was studied in

nonpolar 1,4-dioxane and polar aprotic DMF. T-type photochromism in 1,4-DOX and opposite behavior

in DMF as P-type switches (bistable system) were observed. The obtained results lead to a conclusion

that by variation of the solvent environment a direct control over the bidirectional switching behaviour

from T-type to P-type can be achieved.

1. Introduction

The control of molecules by direct contact with light as photo-
chromic compounds attracts much attention due to the chro-
mogenic properties associated with their bistability (on/off).
These promising compounds, possessing photoswitchable pro-
perties under an external stimulus and leading to reversible
structural changes occurring by the isomerization of the photo-
sensitive units, are of the utmost importance when it comes to
embedding such entities for molecular electronics and bio-
medical applications.1 A light-induced isomerization process is
usually accompanied by a number of changes in molecular
geometry, crystal shape, conductance, polarity, etc.2–5 Photo-
chemical conversion is based on photoisomerization or photo-
rearrangement of the electrons of frontier molecular orbitals,
which are involved in the electron transition from the ground to

the excited state of the molecules. This action could be included
in many other processes such as photosynthesis, activation of
specialized receptors in living organisms, and photodynamic
therapy, and in optical sensors, photoswitches, solar cells, and
so on.6–13

The chemistry of the imine or azomethine group ({CQN–)
plays a vital role in the progress of chemical science.14 The
compounds of this group are known as Schiff bases, which are
usually synthesized from the condensation of primary amines
and compounds having active carbonyl groups. Schiff bases
derived from aromatic amines and aromatic aldehydes have a
wide variety of applications such as in biological and catalytic
applications. They are also used as ligands to obtain metal
complexes with different metal ions in coordination chemistry,
biochemistry, supramolecular chemistry, materials science,
separation and encapsulation processes, and formation of
compounds with unusual properties and structures. Schiff base
compounds containing some pharmacophore groups as well as
their complexes with monovalent and bivalent metal ions have
attracted significant attention.15–17 Particular attention has
been paid to the imine - enamine tautomeric form and
epimerization of the Schiff bases of gossypol.18 Furthermore,
Schiff bases represent an important class of organic com-
pounds, especially in the medicinal and pharmaceutical fields.
Several Schiff bases have been reported for their significant
biological activities like antitumor,19 anti-inflammatory,20

antimicrobial,21 and anticonvulsant activities.22 For example,
Isatin ligands have been reported to exhibit anticonvulsant
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activity and may be included in antiepileptic drugs.23 In the
case of these compounds, it has been suggested that the
azomethine linkage might be responsible for their biological
activities.24 Among the other applications, they are used in
optical computers, to measure and control the intensity of the
radiation, molecular memory storage, as organic materials in
reversible optical memories, and biological systems as photo-
detectors.25,26 Due to their photochromic properties, Schiff
bases could behave as photostabilizers, dyes for solar cells
(collectors) and solar filters.27 It should be noted that they
possess very interesting properties namely optical nonlinearity
and the ability to create the structure for a new type of molecular
conductor using electrical properties for proton transfer.28,29

Hydantoin derivatives are an important class of pharmaceutical
compounds, and their synthesis has received considerable
attention in organic chemistry, materials science and medicinal
chemistry.30–32 The need(s) to design, synthesize and produce
novel structures makes them important in terms of novel drug
development and for understanding the structure–activity
relationship.33 The azomethine group (–CHQN–) is structurally
similar to the azobenzene group possessing alike switchable
groups (–NQN–, {CQCx) that can be involved in the photo-
isomerization E/Z/E cycle. Nowadays, photoisomerization pro-
cesses are extensively used in everyday life and in practice. Most
of the studies on their photochromism have been performed
with benzylidene aniline-type azomethines.40–42 The thermo-
dynamically more stable E isomer is non-planar with a dihedral
angle between the planes of aromatic rings varying around
B41–551.41 On the other hand, the lower activation energy barrier
of the thermal Z/E isomerization of azomethine compounds is
advantageous, and allows for rapid reversible geometrical changes
in light-driven molecular devices.41 There are many studies on
photochemistry and applications of azomethines as photonic
compounds, but there is little information on the photo-
isomerization properties of biologically active azomethines.43–45

We have recently reported the synthesis, characterization
and biological activity of different hydantoin derivatives.34–39,49

Furthermore, in our previous studies, we have investigated
several E/Z photoswitching behaviours of 5,50-substituted
hydantoin Schiff base derivatives with different electron-donor
and electron-acceptor groups.39,49 This work is a continuation of our
studies on the synthesis and characterization of novel hydantoin
Schiff bases. Bearing in mind the promising properties, we were
motivated to carry out the synthesis and characterization by single
crystal X-ray structures and electrochemistry of some 3-amino-5,50-
dimethylhydantoin Schiff bases containing different aromatic moi-
eties. The photoswitching E/Z/E and enol/keto/enol behaviors (so
called bidirectional switching) were studied under long wavelength
UV-light at 350 nm in nonpolar 1,4-DOX and polar aprotic DMF.
The aim was to investigate the kinetics of solvent-driven photo-
conversion in terms of the structure–property relationship. This was
achieved by a combined approach using optical (absorbance and
emission) spectroscopy and ground state and excited state DFT
calculations. The obtained information could be useful for the
design of new photoswitching systems with various photochemical
and biological properties.

2. Experimental section
2.1. Synthesis

All reagents and solvents were of analytical or HPLC grade and
were bought from Fluka or Merck, and used without further
purification. Melting points (m.p.) were determined on a Koffler
microscope and were uncorrected. The reactions were controlled
by TLC on pre-coated plates of Silica gel 60 F254 (Merck) with a
3 : 2 mixture of methanol and ethyl acetate used as the mobile
phase. Spots on TLS chromatograms were detected by chlorine/
o-tolidine reactions. The 3-amino-5,50-diphenylimidazolidine-2,4-
dione (2) was synthesized from 5,50-diphenylimidazolidine-2,4-
dione (1) by means of NH2NH2�H2O according to our previous
work.34

2.1.1. General procedure for the preparation of new 3-amino-
5,50-diphenylhydantoin Schiff bases (SB1–SB4). 3-amino-5,50-
diphenylhydantoin (1.0 equiv.) and the corresponding aromatic
aldehydes (1.0 equiv.) were suspended in anhydrous methanol
(20 mL). Subsequently, a catalytic amount of glacial acetic acid was
added (3–4 drops) and the mixture was heated to reflux for
about 4 h without stirring until all starting materials dissolved.
The product precipitates from the solution upon cooling
to room temperature and was filtered off to yield the pure
desired Schiff bases. The crude material was recrystallized from
methanol.

(E)-5,50-Diphenyl-3-((thiophen-2-ylmethylene)amino)imidazo-
lidine-2,4-dione (SB1). Yield: 1.23 g (91%). M.p. 182–183 1C. Rf =
0.90. ATR-IR (cm�1): 3194 (nC–H –CHQN–), 1766 (ns CQO imide),
1712 (nas CQO imide), 1587 (nCQN –CHQN–), 1315 and 1241
(C–N), 721 (rCQN). 1H NMR (600 MHz, DMSO-d6), d (ppm): 9.41
(d, J = 1.0 Hz, 1H), 7.85 (dt, J = 5.0, 1.1 Hz, 1H), 7.70 (dd, J = 3.8,
1.2 Hz, 1H), 7.47–7.32 (m, 10H), 7.21 (dd, J = 5.0, 3.7 Hz, 1H). 13C
NMR (151 MHz, DMSO-d6), d (ppm): 169.59, 155.89, 152.84,
139.63, 137.91, 135.33, 132.28, 129.16, 128.91, 128.80, 127.28,
67.98, 40.48. HRMS (ESI) calculated for C20H15N3O2S, [MH+]:
362.0885; found: 362.0965.

(E)-3-((2-Hydroxybenzylidene)amino)-5,50-diphenylimidazolidine-
2,4-dione (SB2). Yield: 1.23 g (89%). M.p. 221–222 1C. Rf = 0.85. ATR-
IR (cm�1): 3385 (nOH), 3173 (nC–H –CHQN–), 1774 (ns CQO imide),
1720 (nas CQO imide), 1618 and 1600 (nCQN –CHQN–), 1258 (C–N),
745 (rCQN). 1H NMR (600 MHz, DMSO-d6), d (ppm): 10.59 (s, 1H),
10.09 (s, 1H), 9.49 (s, 1H), 7.75 (dd, J = 7.8, 1.7 Hz, 1H), 7.48–7.43 (m,
5H), 7.43–7.33 (m, 8H). 13C NMR (151 MHz, DMSO-d6), d (ppm):
169.66, 158.52, 158.45, 152.82, 139.62, 133.95, 129.17, 128.99,
128.91, 128.56, 127.29, 120.04, 119.04, 117.07, 67.97. HRMS (ESI)
calculated for C22H17N3O3, [MH+]: 372.1270; found: 372.1462.

(E)-3-((4-Nitrobenzylidene)amino)-5,50-diphenylimidazolidine-
2,4-dione (SB3). Yield: 1.27 g (85%). M.p. 209–210 1C. Rf = 0.86.
ATR-IR (cm�1): 3116 (nC–H –CHQN–), 1781 (ns CQO imide), 1724
(nas CQO imide), 1517 (nCQN –CHQN–), 1338 (nNO2

), 1217 (C–N),
730 (rCQN). 1H NMR (600 MHz, DMSO-d6), d (ppm): 10.19 (s, 1H),
9.54 (s, 1H), 8.37–8.31 (m, 2H), 8.13–8.08 (m, 2H), 7.48–7.37
(m, 10H). 13C NMR (151 MHz, DMSO-d6), d (ppm): 169.75,
157.22, 152.56, 149.48, 139.66, 139.49, 129.59, 129.21, 128.99,
127.30, 124.62, 67.96. HRMS (ESI) calculated for C22H16N4O4,
[MH+]: 401.1172; found: 401.1375.
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(E)-5,50-Diphenyl-3-((pyridin-2-ylmethylene)amino)imidazolidine-
2,4-dione (SB4). Yield: 1.17 g (88%). M.p. 215–216 1C. Rf = 0.89.
ATR-IR (cm�1): 3004 (nC–H –CHQN–), 1781 (ns CQO imide),
1727 (nas CQO imide), 1586 and 1569 (nCQN –CHQN–), 1343
(C–N), 718 (rCQN). 1H NMR (600 MHz, DMSO-d6), d (ppm): 10.15
(s, 1H), 9.39 (s, 1H), 8.70 (ddt, J = 4.9, 1.8, 0.9 Hz, 1H), 8.04 (dt, J =
8.0, 1.1 Hz, 1H), 7.95 (td, J = 7.7, 1.7 Hz, 1H), 7.52 (ddt, J = 7.0, 4.9,
1.0 Hz, 1H), 7.48–7.33 (m, 10H). 13C NMR (151 MHz, DMSO-d6),
d (ppm): 169.87, 158.88, 152.67, 152.55, 150.43, 139.54, 137.72,
129.19, 128.96, 127.32, 126.33, 121.30, 67.89. HRMS (ESI) calculated
for C21H16N4O2, [MH+]: 357.1273; found: 357.1477.

2.2. Single crystal structure analysis

A suitable single crystal of compounds SB2, SB3 and SB4 was
mounted on a glass capillary. All intensity and diffraction data
were collected on a Agilent SupernovaDual diffractometer
equipped with an Atlas CCD detector using micro-focus Mo Ka
radiation (l = 0.71073 Å) at 290 K. The crystal structures were
solved by direct methods with ShelxS and refined with the
full-matrix least-squares method of F2 with ShelxL programs.50

All non-hydrogen atoms were located successfully from Fourier
maps and were refined anisotropically. Hydrogen atoms for N
and O were located from difference Fourier maps and refined
isotropically while all other hydrogen atoms were placed at
calculated positions using a riding scheme (Ueq = 1.2 for C–H =
0.93 Å). The most important crystallographic parameters such as
bond lengths, angles and torsion angles are shown in Tables 1, 3
and Table S1 (ESI†). The ORTEP View51 of the molecules present
in the asymmetric unit (ASU) with the atomic displacement
parameter (ADP) at 50% is shown in Fig. 1. Crystallographic data

have been deposited in the Cambridge Crystallographic Data
Center as supplementary publication number CCDC 2011731,
2011732 and 2011733 (and ESI†) for SB2, SB3 and SB4, respectively.
All of the graphics were created using ORTEP or MERCURY52

programs.

2.3. Physical measurements

2.3.1. Spectral measurements. The NMR spectra were
recorded on a Bruker Avance II+ spectrometer operating with
frequency 600 MHz for 1H and 125 MHz for 13C in DMSO-d6.
(Fig. S1–S8, ESI†). Chemical shifts d are reported in ppm, and
coupling constants J are reported in Hz. ATR-IR spectra of the
compounds were recorded on a Bruker Tensor 27 FTIR spectro-
photometer in the range of 4400–600 cm�1 with a resolution of
2 cm�1 at room temperature. The external reflection diamond
crystal has been used and the samples were scanned 128 times.
The molecular mass and purity of the compounds were con-
firmed by high-resolution electrospray mass spectrometry on a
Q Exactive hybrid quadrupole Orbitrap mass spectrometer
(ThermoScientific) equipped with a heated electrospray ioniza-
tion module IonMax (ThermoScientific). The UV-VIS spectra
were recorded on a Cary 5E-UV-VIS-NIR spectrophotometer.
The steady-state fluorescence spectra were recorded via a
FluoroLog 3-22 (HORIBA) spectrofluorometer in the range of
200–800 nm with a resolution of 0.5 nm and double-grating
monochromators by excitation wavelength set near to the
absorption maxima of the SBs. The concentration of the
compounds was CM = B4 � 10�5 mol L�1.

2.3.2. Photoisomerization experiments. The photoinduced
E/Z photoisomerization and enol/keto tautomerization experiments

Table 1 Crystal data and structure refinement parameters for SB2, SB3 and SB4

Compound SB2 SB3 SB4

Empirical formula C22H17N3O3 C22H16N4O4 C21H16N4O2

Formula weight 371.38 400.39 356.38
Temperature/K 290 290 290
Crystal system Triclinic Monoclinic Monoclinic
Space group P%1 P21/c I2/a
a/Å 8.5374(8) 9.5170(5) 16.3125(6)
b/Å 10.4625(17) 10.8616(7) 8.4276(3)
c/Å 11.6521(17) 18.5972(10) 27.2914(10)
a/1 107.718(14) 90 90
b/1 96.228(10) 100.902(5) 105.355(4)
g/1 106.521(11) 90 90
Volume/Å�3 928.6(2) 1887.70(19) 3618.0(2)
Z 2 4 8
rcalc/g cm�3 1.328 1.409 1.309
m/mm�1 0.090 0.100 0.087
F(000) 388.0 832.0 1488.0
Crystal size mm�3 0.2 � 0.15 � 0.15 0.3 � 0.2 � 0.2 0.2 � 0.2 � 0.2
Radiation Mo Ka (l = 0.71073) MoKa (l = 0.71073) MoKa (l = 0.71073)
2y range for data collection/1 5.474 to 57.12 5.618 to 56.8 5.952 to 56.942
Index ranges �11 r h r 11, �10 r k r 13,

�15 r l r 12
�10 r h r 12, �9 r k r 12,
�23 r l r 24

�20 r h r 21, �8 r k r 11,
�34 r l r 35

Reflections collected 5865 11 248 12 845
Independent reflections 5865 [Rint = 0.0455, RSigma = 0.0886] 4009 [Rint = 0.0291, RSigma = 0.0311] 3912 [Rint = 0.0317, RSigma = 0.0307]
Data/restraints/parameters 5865/1/262 4009/0/275 3912/0/248
Goodness-of-fit on F2 1.024 1.043 1.077
Final R indexes [I Z 2s(I)] R1 = 0.0618, wR2 = 0.1746 R1 = 0.0471, wR2 = 0.1112 R1 = 0.0482, wR2 = 0.1154
Final R indexes [all data] R1 = 0.1352, wR2 = 0.1927 R1 = 0.0713, wR2 = 0.1250 R1 = 0.0764, wR2 = 0.1320
Largest diff. peak/hole/e Å�3 0.18/�0.23 0.14/�0.20 0.15/�0.17
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were performed in 1,4-DOX (1,4-dioxane) and DMF (dimethyl-
formamide) solutions at room temperature on a custom-built
optical set-up with a high resolution HR4000 spectrometer
(Ocean Optics) operating in the range of 200–1000 nm. As the
light source was used, a pulsed xenon light source (PX-2) was
directed to pass through the dye solutions and to get directly to
the spectrometer through optical output fiber. Special care has
been taken to eliminate all possible sources of stray light. The
source of long wavelength UV irradiation was a broadband lamp
at lmax = 350 nm (output power 10 W), perpendicularly directed
to the probe beam. The illumination time was set at 600 s until
the photostationary state (PSS) was reached. After exposure, the

probes underwent Z/E (SB1, SB3, and SB4) and keto/enol (SB2)
relaxation in darkness for 600 s and 60 min at room temperature.
The spectra were collected every 2 s during the entire experiment
with the integration time being set at 100 ms and scans to
average at 10. Before the experiments start, the solutions of the
SBs were stored in the dark overnight. The concentrations were
CM = B4 � 10�5 mol L�1 and CM = B1 � 10�6 mol L�1 for SB4
in 1,4-DOX.

2.3.3. DFT quantum chemical calculations. The molecular
geometry and electronic structure optimization of the studied
SBs were performed using GAUSSIAN 09W software package
using density-functional theory DFT/B3LYP exchange–correlation
hybrid functional combined with the standard 6-311+G(2d,p) basis
set both in vacuo and in DMF and 1,4-DOX.53 The interactions
between the molecule and the solvent were evaluated at the same
basis set by a polarizable continuum model using the integral
equation formalism variant (IEFPCM). TD-DFT calculations were
performed after optimization of geometry in E/Z isomers and
enol/keto tautomers of the compounds at the same basis set
using DMF and 1,4-DOX solvents. The frequency analysis was
performed at the same level of theory to characterize the
stationary points on the potential surface and no imaginary
frequencies were found.

2.3.4. Kinetics data. The degrees of E - Z photoisomeriza-
tion and photoinduced enol - keto tautomerization as well as
R at the PSS, were determined according to eqn (1) and the rate
constant k was fitted by eqn (2) (E - Z and enol - keto) and
eqn (3) (Z - E and keto - enol) taking into account first-order
of the reactions:54–59

R ¼ A0 � A1
A0

� 100: (1)

ln
A0 � A1
At � A1

� �
¼ k � t: (2)

ln
A1 � A0

A1 � At

� �
¼ k � t: (3)

where A0 is the initial absorbance, At is the absorbance at the
moment t during the irradiation and AN represents the absorbance
at the PSS.

2.3.5. Description of the efficiency of enol - keto conversion
in the excited state (gT). For qualitative evaluation of the proton
transfer in the excited state, we have used a previously described
method by L. Antonov and co-workers, where the assumption is
that in the excited state enol form undergoes fast transformation
to the excited keto and the resulting emission is characterized by
large Stokes shifts compared to the enol one.60 The authors have
estimated the relative fraction of the enol form using the excitation
spectrum, which is converted into the keto form through ESIPT.
They express the contributions of both forms by the following
equations (eqn (4) and (5)):54

Iexc Eð Þ ¼ AE �QK �
kPT

kPT þ kd Eð Þ

� �
: (4)

Iexc(K) = AK � QK (5)

Fig. 1 Ortep view and numbering scheme of the molecules in the asym-
metric structure of compounds (a) SB2 (b) SB3 and (c) SB4; ADP is at the
50% level, hydrogen atoms are shown as spheres with arbitrary radii.
Intramolecular hydrogen bonding (O16–H16� � �N3) and weak interactions
(C10–H10� � �O1 and C10–H10� � �O2) are shown as dotted lines.
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where AE and AK are the absorbance maxima of the enol and
keto forms; Iexc(E) and Iexc(K) are the excitation intensities at the
same wavelengths; kPT is the ESIPT rate, kd(E) is the decay rate
and QK is the quantum yield of the keto form. If the kPT/kPT +
kd(E) is defined as the efficiency of conversion of enol into keto
form ZT, from eqn (4) and (5), we can use the following
expression (eqn (6)):

ZT ¼
Iexc Eð Þ � AK

Iexc Kð Þ � AE
� 100: (6)

2.3.6. Electrochemistry. For the electrochemical analysis, a
computerized voltammetric technique Metrohm 797 VA trace
analyser and a 797 VA stand with experimental control and data
acquisition were used. A voltammetric cell system consisted of
three electrodes was constructed with a saturated Ag/AgCl
reference electrode, a platinum auxiliary electrode and a handing
mercury drop electrode (HMDE of 0.015 cm2 drop area) as the
working electrode area.

For the electrochemical experiments, compounds were dis-
solved in DMSO and the concentrations of stock solutions were
as follows: 4.46 � 10�3 SB1; 3.08 � 10�3 SB2; 3.18 � 10�3 SB3;
3.51� 10�3 SB4 mol L�1. Electrolyte medium (7 mL) from DMF,
CH3OH (with 0.04 mol L�1 tetrabutyl ammonium perchlorate,
TBAP) and LiOH (0.01622 mol L�1): LiCl (0.01 mol L�1) (LiOH/
LiCl, pH 12.21) were used. The analysed stock solutions were
exposed to E/Z isomerization by the UV irradiation at l =
350 nm for 600 s. The voltamperograms of irradiated com-
pounds were immediately recorded under the same supporting
electrolyte and conditions. Prior to each experiment, the working
solution was purged with high purity argon, and an argon atmo-
sphere was maintained throughout the experiment. All used
reagents were of analytical grade.

2.3.7. Coulometry measurements (controlled potential electro-
lysis). Controlled potential coulometric (CPC) experiments were
performed with the electrolysis cell designed similar to that
described previously.61 A coulometric cell of a three-electrode
configuration viz. a mercury pool cathode, a platinum wire
counter electrode (separated from the main solution by a glass frit)
and a saturating calomel electrode (SCE) as a reference electrode
was used. An indicator current of the supporting electrolyte was
measured with a microammeter in the range of 15 pA after bubbling
the solution with pure nitrogen gas for about 10–15 minutes. The
depolarizer solution containing compounds was introduced into the
cell at a constant value of the background current. The selected
potential was adjusted to be equal to the polarographic peak
potential plus 0.1 volt or at the beginning of the limiting current
of the polarographic peak. The accumulated charge (Q in coulombs)
is read directly from a digital coulometer (Table 2).

3. Results and discussion
3.1. Synthesis and crystal structure

Four novel 3-amino-5,50-diphenylhydantoin Schiff Bases (SB1–SB4)
were synthesized and spectrally characterized for their photo-
physical properties as photoswitches. For their preparation, first

5,50-diphenylimidazolidine-2,4-dione needs to be synthesized,
and second 3-amino-5,50-diphenylimidazolidine-2,4-dione has
to be obtained. Unfortunately, only a few protocols for obtaining
5,50-diphenylimidazolidine-2,4-dione have been reported.46–48

As a potential skeleton/fragment for pharmaceutical and many
other research and development applications, finding a general
and improved method to synthesize 5,50-diphenylimidazolidine-
2,4-dione analogues is essential. The starting compound 5,50-
diphenylimidazolidine-2,4-dione (5,50-diphenylhydantoin is also
known as Phenytoin) used to obtain the desired SBs was synthe-
sized from benzaldehyde under the influence of potassium
cyanide in aqueous alcohol and underwent a dimolecular con-
densation reaction and gave benzoin (see Scheme 1a). After that,
the oxidation of benzoin with FeCl3.6H2O yielded benzil
(Scheme 1b). Then the benzil on treatment with urea in alcoholic
solution in the presence of KOH (30%) first gave benzilic acid,
then through a condensation reaction with urea and after
acidification of the filtrate with 6 M sulfuric acid gave 5,50-
diphenylhydantoin (1) (Scheme 1c). 3-amino-5,50-diphenyl-
hydantoin (2) was successfully obtained by the reaction of (1)
and hydrazine hydrate following our previous work.34 The
studied SB1–SB4 were synthesized by a condensation reaction
between (2) and the corresponding aromatic aldehyde in
an equimolar ratio in absolute methanol in the presence of
catalytic amounts of glacial acetic acid (Scheme 1). SB1 and SB4
were designed with a donor thiophene/pyridine ring, while SB3
was designed with an acceptor 4-nitrophenyl moiety. The structure
of SB2 contains the salicylic part and is able to form six-membered
intramolecular hydrogen bonding between the phenol –OH group
and nonbonding electron pairs of azomethine nitrogen. The
structure of the obtained compounds was determined by ATR-IR,
NMR (1H and 13C) and HRMS (ESI†) methods. The 1H-NMR
spectra of the SBs are characterized by singlet of the azomethine
proton (C�HQN) at: 9.41 ppm for SB1; 10.59 ppm for SB2;
10.19 ppm for SB3; 10.15 ppm for SB4. The chemical shifts in
the 13C-NMR spectra are between 152 and 158 ppm, which
represent a singlet, characteristic of the carbon atom of the
azomethine group. The ATR-IR spectra also confirm the structure
of the above-mentioned compounds, where the characteristic
bands are attributed to the –CHQN– (nQC–H 3194–3097 cm�1),
–CHQN– (nCQN 1630–1600 cm�1), –C–N– (dC–N 1366–1244 cm�1),
and –CQN– (rCQN 728–722 cm�1) vibrations that are used in the
structural characterization of this type of compound.

Single crystals of SB2, SB3 and SB4 suitable for X-ray
diffraction analysis were obtained by slow evaporation from
methanol, ethanol and methanol : ethanol (3 : 1) solutions of

Table 2 Controlled potential electrolysis (coulometry) of SBs (1–4) before
and after UV illumination with l = 350 nm at pH 12.21 (LiOH/LiCl) and
applied potential: �1.60 V

Compounds Mol. wt
Weight of the
sample, (g) � 10�3

Number of
coulombs

Total number
of electrons

SB1 361.42 1.25 0.617 1.85 E 2
SB2 371.39 1.15 0.601 2.01 E 2
SB3 400.39 1.37 0.716 2.17 E 2
SB4 356.38 1.18 0.654 2.05 E 2

NJC Paper

Pu
bl

is
he

d 
on

 2
5 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 C

ar
le

to
n 

U
ni

ve
rs

ity
 o

n 
8/

25
/2

02
0 

10
:4

0:
03

 A
M

. 
View Article Online

https://doi.org/10.1039/d0nj03301d


New J. Chem. This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

respective compounds. The 2-hydroxybenzylidene derivative
(SB2) crystallizes in the triclinic space group P%1 with one
molecule in the asymmetric unit, while the 4-nitrobenzylidene
(SB3) and pyridin-2-ylmethylene (SB4) derivatives crystallize in
the monoclinic space group P21/c and I2/a, both with one
molecule in the asymmetric unit. The corresponding Ortep
drawings of the molecules present in the asymmetric and
crystallographic and structural data are summarized in Fig. 1
and Table 1. As shown in Fig. 2, the single crystal X-ray
diffraction analysis results reveal that in the solid crystalline
state the E-isomers of this series of compounds are obtained.
The 5,50-diphenylimidazolidine-2,4-dione moiety disclose a
highly conserved molecular geometry (Table S1, ESI†) even
though the rotation of the two phenyl rings along C3–C4 and
C3–C4A bonds is not hampered. The 2-hydroxybenzylidene,
4-nitrobenzylidene and pyridin-2-ylmethylene substituents are
linked to the phenytoin through NQC (N3–C10) and C–C
(C10–C11) bonds with lengths as short as 1.263(2) and 1.444(5) Å,
respectively, confirming the conjugated electronic nature of the
molecules. The N–N, NQC and C–C sequences of bonds between
the hydantoin and the substituents result in a meandering and
elongated, almost planar molecular structure. Indeed, only a very
small average deviation from the mean plane of the N2–N3–C10–C11

is detected (max rmsd of 0.013 Å for SB2). The aromatic ring
systems in SB2–4 (with the exception of the two phenyls linked to
the spiro center) are also positioned in the N2–N3–C10–C11 plane
(the angle with the hydantoin plane is 12.207, 3.503, 11.7661 in
SB2–4, respectively, the angle with phenol is 2.9391, with nitro-
benzene 6.1141, with pyridine 3.9451, between hydantoin and
phenol mean planes 11.8081 in SB2, hydantoin/nitrobenzene
9.4601 in SB3, and hydantoin/pyridine 15.6591 in SB4). The
planarity is further strengthened by weak intramolecular
C–H� � �O interactions (Table 3 and Fig. 1). The crystal structure
of SB2 discloses also a second intramolecular hydrogen bonding
interaction O16–H16� � �N3. Although this hydrogen bonding inter-
action is just slightly (energetically) more favorable than the
C–H� � �O interaction, the last one is achieved with O1 for SB2
while in SB3 and SB4 the interaction is C10–H10� � �O2. This results
in a change of the C1–N2–N3 angle from B1301 in SB3 and SB4 to
B1171 in SB2. In addition to the intramolecular interactions,
intermolecular hydrogen bonding interactions, typical for
hydantoin, are present (Fig. 3 and Table 3). In SB2 adjacent
molecules produce a dimmer with the R2

2(8) graph set while
infinite chains are produced in SB3 and SB4. In the presence of
several aromatic ring systems, one could hypothesize that the
three-dimensional arrangement of the molecules in the crystal

Fig. 2 Representation of the overlay of the molecules of SB2 (in red), SB3 (in blue) and SB4 disclosing the subtle differences in the molecular structure.

Scheme 1 Synthetic pathway of the 3-amino-5,5 0-diphenylhydantoin Schiff bases (SB1, SB2, SB3 and SB4): (a) KCN/EtOH, reflux; (b) FeCl3�6H2O, reflux;
(c) NH2CONH2/EtOH and KOH (30%), 6 M H2SO4.
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will disclose p� � �p interactions. Although one may claim that
p� � �p stacking is present if characteristic (not relaxed) criteria are
employed, the crystal structures do not reveal such interactions.
Thus the packing is governed by the hydrogen bonding and the
‘‘rotation’’ of the phenyls along C3–C4 and C3–C4A bonds.

3.2. DFT calculations

DFT calculations provide insight into the electronic structures
of the compounds in order to understand their structure–
property relationship. The data from X-ray analysis were helpful
to find the structures with minimal energies of the studied SBs.
They were optimized as E and Z isomers (SB1, SB3 and SB4) and
enol/keto tautomer for SB2 in vacuo and using solvation in
DMF. The E-isomers in DMF is characterized by planar con-
formations with respect to the C34–C10–N9–N8 dihedral angle
and nonplanar one by C10–N9–N8–C2 (Fig. 4 and Table 4). A
comparative analysis of the geometry of E-isomers in vacuo with
those in DMF displays planarization of the C10–N9–N8–C2

dihedral B4–51. The observed DFT data in vacuo are supported
by the current described X-ray analysis and our previous investiga-
tion of similar SBs containing 5,50-dimethylhydantoin rings, the
structures of which show a near planar conformation around the
–CHQN– bond.39 The same observation of DFT calculations has
been made in our previous comparable study of the structural

effect of the 5,50-dimethyl- and 5,50-diphenylhydantoin SBs
containing 2-hydroxy-1-naphthaldehyde and 1-naphthaldehyde
moieties.49 This allows us to make an indirect conclusion that
5,50-disubstituted hydantoins do not influence the geometry of
the –CHQN– bond. Due to the intramolecular six-membered
hydrogen bonding, the 2-hydroxy substituted SB2 is characterized
by a planar structure both in vacuo and DMF. The reason for this
difference is that the polar effect of proton acceptor aprotic DMF
breaks down the weak six-membered H-bonding interactions
of E-isomers between the azomethine H11 atom and carbonyl
oxygen of hydantoin. Such an effect in SB2 is impossible because
of the strong polar intramolecular H-bonding between ortho –OH
and nonbonding electron pair of azomethine nitrogen.62 After
photoisomerization to the more thermodynamically unstable
Z-isomers, the C34–C10–N9–N8 dihedral angle reduces to the
4–71 by twisting, while C10–N9–N8–C2 one varies from 60 to 801,
which is near to the T-shaped structure (Fig. 4 and Table 4). Such
a structure suggests the formation of weak noncovalent inter-
actions (NCIs) between aromatic H and nonbonding electron
pairs of N(8) hydantoin with length B2.56–2.60 Å, which is
the main reason for relatively long thermal stability at room
temperature (RT) as we consider in detail below in terms of the
solvent dependence kinetics on bidirectional switching. Similar
structures of azoheteroarenes with long thermal stability of
Z-isomers have been studied by J. Calbo et al.63 Based on DFT
calculations and experimental kinetic data, the authors have
concluded that T-shaped conformation via –NQN– bonds is
preferable compared to the twisted one due to non-covalent
interactions. The calculated DE values in vacuo are higher
compared to the corresponding energies in DMF, especially
for the SB2 in enol/keto tautomerization (17.6 kcal mol�1

in vacuo and 8.1 kcal mol�1 in DMF), which is in agreement
with the experimental results for the solvent effect on photo-
conversion, where in 1,4-DOX the photoinduced tautomerization
does not proceed. Moreover, the keto tautomer in DMF shows a
nonplanar relationship by C10–N9–N8–C2 dihedral B901.

3.3. Photochromic and molecular switching behaviour

The kinetic analysis of E/Z/E photoisomerization (SB1, SB3, and
SB4) and SB2 enol/keto/enol phototautomerization cycles in

Table 3 Hydrogen bonds for SB2, SB3 and SB4

D H A d(D–H)/Å d(H–A)/Å d(D–A)/Å D–H–A/1

SB2
C10 H10 O2 0.93 2.28 2.917(5) 125.5
N1 H1 O1

1 0.92(4) 1.94(4) 2.847(4) 170(3)
O16 H16 N3 1.010(3) 1.65(3) 2.603(4) 155(6)

SB3
C10 H10 O1 0.93 2.17 2.851(3) 129.5
N1 H1 O2

1 0.83(2) 2.07(2) 2.886(2) 167(2)

SB4
C10 H10 O1 0.93 2.17 2.854(2) 129.5
N1 H1 N1

1 0.93 2.51 3.377(3) 154.7

11 � x, 1 � y, 1 � z.11 � x, 1/2 + y, 1/2 � z.11 � x, �1/2 + y, 1.5 � z.

Fig. 3 Hydrogen bonding interactions in (a) SB2, (b) SB3) and (c) SB4; symmetry codes (a) �x, 1 � y, 1 � z; (b) 1 � x, 1/2 + y, 1/2 � z; and (c) 1 � x,
�1/2 + y, 1.5 � z.
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nonpolar aprotic 1,4-DOX and polar aprotic DMF allows under-
standing the behavior of the solvent environment on bidirectional
photoswitching. The absorption changes in 1,4-DOX and DMF for
E/Z isomerization indicate that the photostationary state (PSS) is

achieved up to 600 s (Fig. 5). Thermal Z/E relaxation at RT in
1,4-DOX becomes up to 600 s, while in DMF the Z-isomers at PSS
are stable up to 60 min. The expected behavior of SB2 based on
DE DFT calculations displays that phototautomerization in

Fig. 4 Optimized molecular geometry of the SBs as E- and Z-isomers (SB1, SB3, and SB4) and enol/keto tautomers of SB2 by DFT/B3LYP/6-311+G(2d,p)
level of theory using IEFPCM in DMF.

Table 4 Theoretically calculated total electronic energy E (RB3LYP) and some dihedral angles (j) of the studied SBs as E- and Z-isomers as well as enol/
keto tautomers by DFT/B3LYP/6-311+G(2d,p) level of theory in vacuo and using IEFPCM in DMF

Compound

Vacuo Solvation in DMF

E(RB3LYP)
[kcal mol�1]

DE
[kcal mol�1]

j [1]
C34–C10–N9–N8

j [1]
C10–N9–N8–C2

E(RB3LYP)
[kcal mol�1]

DE
[kcal mol�1]

j [1]
C34–C10–N9–N8

j [1]
C10–N9–N8–C2

E-SB1 �931463.7 8.3 �179.7 �5.3 �931474.4 6.3 178.1 �36.9
Z-SB1 �931455.4 5.9 75.5 �931468.1 4.5 �79.8
Enol SB2 �777407.1 17.6 179.8 4.5 �777417.4 8.1 179.9 0.04
Keto SB2 �777389.5 174.1 �16.2 �777409.3 �179 91.1
E-SB3 �858549.0 9.4 �179.7 �3.8 �858561.4 7.4 �179.9 10.1
Z-SB3 �858539.6 7.8 61.9 �858554.0 7.0 63.7
E-SB4 �740246.1 8.8 �179.5 �5.9 �740257.0 6.9 179.6 �21.4
Z-SB4 �740237.2 7.2 65.1 �740250.2 6.4 66.5
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nonpolar solvent does not proceed, while in polar one the PSS is
achieved up to 600 s and the stability of the keto tautomer is up
to 60 min (Fig. 5B1 and B2). The relatively long stability of the
SBs in DMF is unusual because it is well known that the energy
barrier of Z/E back relaxation of azomethines (70 kJ mol�1) is

smaller than this of the azo compounds (95 kJ mol�1).41 Taking
into account first-order fitting of photoisomerization reactions,
the degree of photoisomerization (R), rate constant (k) and half-
life of reaction (t1/2) were determined in both solvents (Table 5)
(for more details see ESI†).64–68 The R and speed of E/Z

Fig. 5 Kinetics of the absorbance changes of E/Z isomerization (SB1, SB3 and SB4) and enol/keto tautomerization (SB3) in 1,4-DOX (A1, B1, C1, and D1)
and DMF (A2, B2, C2, and D2) under long wavelength UV-light illumination at 350 nm. Inset graphics represent thermal relaxation in the dark in 1,4-DOX
(up to 600 s) and DMF (up to 60 min) at room temperature.
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conversion are higher in DMF compared to the 1,4-DOX excluding
SB4 for which the opposite relationship is observed. Thermal
relaxation in the nonpolar solvent is faster for SB1 and SB3
compared the E/Z photoconversion. The obtained kinetic results
indirectly support the DFT calculations using solvation in DMF
and the NCIs existing in the Z-isomers, which make them relatively
more stable at RT. Our earlier investigation on structurally similar
SBs containing 5,50-dimethylhydantoin rings has shown the
same stability of Z-isomers at PSS in DMF.39 Another previous
study on the photoswitching performance of 5,50-dimethyl- and
5,50-diphenylhydantoin SBs containing 2-hydroxy-1-naphthal-
dehyde and 1-naphthaldehyde moieties in acetonitrile has
shown full recovery to the E-isomers up to 110 min, which is
one hundred times slower compared to the faster photoinduced
E/Z isomerization to PSS up to 60 s.49 This allows us to draw
important conclusions related to the solvent-driven photochro-
mic behavior of the studied SBs: (i) in 1,4-DOX, SB1, SB3 and
SB4 behave as T-type photoswitches, because the Z-isomer is
unstable and rapidly reverts to the more thermodynamically
stable E-isomer; (ii) in DMF, all SBs display P-type photochro-
mism which is related to the similar stabilities of the isomers
(bistable system); (iii) 5,50-disubstituted patterns in the hydantoin
ring do not play an important role in their switching behavior.
Azomethine aromatic species plays the key role in forming weak
NCIs with hydantoin rings in polar solvents. These interactions
are unfavorable in nonpolar solvents and lead to fast Z/E thermal
relaxation.

Through TDDFT vertical electron transition analysis using
IEFPCM in DMF of E- and Z-isomers and enol and keto tautomers,
it is possible to obtain a picture of the nature of these transitions
in experimental absorption bands before UV-illumination and at
PSS (Fig. 6 and Table 6). The experimental bands have a reasonable
fitting with theoretical TDDFT analysis and further analysis of
the oscillator strength of the transitions by the HOMO and
LUMO orbitals indicates that in the most cases longest wave-
length transitions are attributed to the direct HOMO - LUMO
(S0 - S1) excitation. Other shorter wavelength transitions are
indirect and mainly come from deeper HOMO levels to the
LUMO one. For the keto tautomer of SB2, special attention must
be paid to its longest wavelength transition at 388 nm, which is

far away from the experimental spectrum at PSS compared to
the excellent fitting of the experimental and TDDFT analysis of
the enol tautomer (Fig. 6B1, B2 and Table 6). Photoinduced
enol/keto tautomerization proceeds via excited state intra-
molecular proton transfer (ESIPT), which is common for the
2-hydroxy substituted SBs.60,62 The quantitative and qualitative
evaluation can be carried out by fluorescence spectroscopy using
excitation and emission bands (Fig. 7). By earlier development
methods by L. Antonov and co-workers, it is possible to estimate
the efficiency conversion of enol into keto form ZT (for more details
see the Experimental section).60 In DMF the red-shifted emission at
483 nm is characterized by a large Stokes shift (D�n 9780 cm�1) that
indicates keto emission compared to the enol long wavelength
UV-emission in 1,4-DOX at 371 nm and a small Stokes shift
(D�n 3720 cm�1) (Fig. 7B). The excitation spectrum in DMF exhibits
a broad split long wavelength keto band at 388 nm compared to the
absorption one. The ZT was calculated approximately to be 71% and
the excitation band for keto tautomer is fitted with the TDDFT at
388 nm. Obviously, the excitation spectrum in 1,4-DOX does not
show keto excitation and emission and its ESIPT is fairly low. The
results correspond to our previous study of 2-hydroxy-1-naphthyl
substituted SBs in the various solvents.49 In general, the enol
emission becomes after excitation to the S1 state namely locally
excited (LE) state. If the ESIPT produces lower energy keto state (S1*)
compared to the LE one the red-shifted keto (S1*- S0*) emission is
observed (Fig. 7C). If the keto state is higher in energy compared to
the LE one the ESIPT is unlikely and mainly enol emission is
dominated. The optimized structures of both tautomers in the
S1 excited state using solvation in DMF and 1,4-DOX support
the experimental observation, where the keto state (S1*) in DMF
is lower in energy compared to the energy of the enol state (S1)
and the ESIPT is observed. In contrast, the energy of the keto
state (S1*) in 1,4-DOX is much higher than that of the S1 enol
state and the ESIPT is unfavorable (Fig. 7D and E). This
demonstrates another spectral approach to the studied SB2
containing the salicylic moiety, which provides evidence for the
solvent dependence bidirectional switching via the excited
state. The variation of the solvent environment from nonpolar
to polar leads to the direct change of the bidirectional switching
behaviour from T-type to P-type (Scheme 2). This gives the

Table 5 Experimentally determined values of the photoisomerization degree (R), rate constants (k), the half-life of reaction (t1/2) of E/Z photoisome-
rization and photoinduced enol/keto tautomerization as well as back Z/E and keto/enol relaxation of the SBs in 1,4-DOX and DMF (the graphics are
presented in Fig. S9 and S10 in the ESI)

Compound

1,4-DOX DMF

R [%] k1/2 [s�1] t1/2
a [s] R [%] k [s�1] t1/2

a [s]

E - Z SB1 53 5.0 � 10�2 � 0.002 14 61 6.1 � 10�2 � 0.002 11.5
Z - E SB1 — 5.1 � 10�2 � 0.001 13.5 — Stableb

Enol - keto SB2 — — — 37 6.3 � 10�2 � 0.002 11
Keto - enol SB2 — — — — Stableb

E - Z SB3 54 1.9 � 10�2 � 0.0003 36 44 8.4 � 10�2 � 0.002 8.4
Z - E SB3 — 1.5 � 10�2 � 0.0005 46 — Stableb

E - Z SB4 34 4.6 � 10�2 � 0.008 15 16 2.8 � 10�2 � 0.0009 24
Z - E SB4 — 6.4 � 10�2 � 0.002 11 — Stableb

a Determined by
ln 2

k
¼ t1=2. b Estimated at RT up to 60 min.
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Fig. 6 Experimental absorption and vertical TDDFT electron transitions in DMF of the SBs before UV-illumination (A1, B1, C1 and D1) and at PSS (A2, B2,
C2 and D2).
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possibility of gaining control over the thermodynamically
unstable isomers/tautomers between the two switched states.

3.4. Electrochemical study

Further investigation was carried out on the electrochemical
behavior of SBs before and after illumination with UV-light at
the PSS in order to evaluate the influence of the irradiation on
the intramolecular structure and to show the mechanism of
electron exchange in the redox processes. The reduction of
E- and Z-isomer dimethylhydantoin Schiff bases on Pt-electrodes
in DMF was discussed in our previous study.39 The voltammo-
grams under the same conditions were also recorded with pheny-
toin SBs. It was found that the change of the substituent in the
hydantoin ring does not affect the reduction of azomethine groups
of aromatic moieties. To evaluate the effect of the solvent on the
electron exchange in the redox reactions of the SBs, voltammetric
studies were carried out in various electrolyte solutions. According
to Lai-Hao et al.69 compounds containing azomethine groups
show well-formed reduction peaks in a LiOH/LiCl medium at a
mercury electrode. Fig. 8 shows a comparative reduction of the
azomethine bond from SB1 at the mercury electrode (HMDE) in
three electrolytic media (DMF, MeOH, and LiOH/LiCl (pH 12.21))
with increasing polarities as follows: DMF o MeOH o LiOH. It
was observed that the SB1 in DMF produces a very low intense
peak at E �0.250 V corresponding to the reduction of the

Table 6 Summarized results of absorption wavelengths of the studied
SBs before UV-illumination and at PSS. Vertical TDDFT electron transitions
using IEFPCM in DMF as E/Z-isomers and enol/keto tautomers

Compound

Experiment
in 1,4-DOX

Experiment
in DMF

TDDFT solvation
in DMF

lmax [nm] lmax [nm] lmax [nm]

E-SB1 314 310 319 (H - L)
273 263 (H�2 - L)

Z-SB1 312 at PSS 291 at PSS 316 (H�1 - L)
270 282 (H�2 - L)

Enol-SB2 326 328 329 (H - L)
273 284 (H�1 - L)

Keto-SB2 — 321 at PSS 388 (H - L)
269 271 (H�3 - L)

E-SB3 315 314 363 (H - L)
356 (H�1 - L)

Z-SB3 313 at PSS 285 at PSS 374 (H�1 - L)
308 (H�3 - L)

E-SB4 326 286 297 (H - L)
290 (H�1 - L)

Z-SB4 320 at PSS 284 at PSS 313 (H�1 - L)
260 (H - L)

Fig. 7 Absorption/excitation spectra of SB2 in 1,4-DOX and DMF (A), the emissions in the same solvents (B) and the mechanisms of fundamental
fluorescence bands by ESIPT and local excitation according to the Jablonski diagram depending on the solvent environment (C). The excitation
wavelengths were set to 326 nm (1,4-DOX) and 328 nm (DMF). Optimized structures of enol and keto tautomers in the S1 excited state by TDDFT B3LYP/
6-311+G(2d,p) level of theory using IEFPCM in DMF and 1,4-DOX (D and E).
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–CHQN– group (Fig. 8) which is partially overlapped with the
current peak of electrolyte background. Three partially over-
lapped peaks are observed at reduction of the azomethine group
of investigated SBs in MeOH. In contrast, well-formed peaks at
E�1.5 V in the proton electrolyte medium (LiOH/LiCl) were
obtained corresponding to the reduction of this group.69 There-
fore, the electrochemical properties of the studied SB1–SB4 were
examined in a protic solvent using cyclic (CV) and square wave
(SW) voltammetric techniques and the oxidation–reduction
peak potentials belonging to potential–current voltammograms

of compounds are given in Fig. 9 and Fig. S11 (ESI†). One can
find in the literature hesitant opinions about the electrochemical
behavior of the hydantoin ring. Some authors have shown that
phenytoin cannot be reduced polarographically, while others
report that anode waves can be detected under certain
conditions.70 Under the present conditions, peaks corres-
ponding to the electron exchange of phenytoin in the alkaline
medium with the electrode space were not detected.

All SBs show the ease of reduction on the basis of the
Ep values of the –CHQN– bond in the following order

Scheme 2 General concept of the solvent dependence bidirectional photoswitching behavior of the studied SBs: (A) E/Z isomerization upon long
wavelength UV-light at 350 nm and Z/E dark relaxation at RT in 1,4-DOX and DMF; (B) photoinduced enol/keto tautomerization of SB2 in both solvents.

Fig. 8 CVs of 3-amino-5,50-diphenylhydantoin Schiff base (SB1, 2.41 � 10�4 mol L�1) before UV-illumination in three electrolytic media (DMF, MeOH,
and LiOH/LiCl (pH 12.21)) at working electrode: hanging mercury drop electrode (HMDE) and scan rate 100 mV s�1.
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SB2 4 SB1 4 SB4 4 SB3 which may be due to the nature of the
substituents in the corresponding aldehydes. The cathodic
peak potential values of SBs reveal that the reduction potential
of the electrophore can be modulated by changing the electro-
nic properties of the substituents attached at the corresponding
aromatic rings. This is likely to be due to a decrease in the
electrophilicity at the reaction center (–CHQN–), which inhibits
the migration of electrons in the molecule. This also explains

the fact that the electronic uptake reaction for performing the
reduction process in the azomethine group of SB3 and SB4 takes
place in two stages (Fig. 9). In addition the facile oxidation of
SB2 is attributed to the electron-donating effect of the –OH
group (Fig. 9). In order to investigate the electrochemical
behavior of E/Z conversion, the SBs were UV-irradiated at
l = 350 nm by light that was perpendicularly directed to the
cuvette containing the samples for 600 s. The cyclic voltammograms

Fig. 9 CVs of 3-amino-5,5 0-diphenylhydantoin Schiff bases before (SB(N)) and after (SB(IRr)) UV-illumination at approximately same concentration (SB1:
2.41 � 10�4; SB2: 1.66 � 10�4; SB3: 1.69 � 10�4; SB4: 1.90 � 10�4 mol L�1) in LiOH/LiCl (pH = 12.21) at working electrode: hanging mercury drop
electrode (HMDE); scan rate 100 mV s�1.

Table 7 Voltamperometric characteristics of the 3-amino-5,5 0-diphenylhydantoin Schiff bases (SB1, SB2, SB3, and SB4) in LiOH/LiCl (pH 10.65) before
(SB 1–4) and after (SB(IRr) 1–4) UV illumination with l = 350 nm at concentrations: SB1: 2.41 � 10�4; SB2: 1.66 � 10�4; SB3: 1.69 � 10�4; SB4:
1.90 � 10�4 mol L�1 and scan rate 100 mV s�1

Ar–

�EPc, V �EPa, V �Ipc, nA Ipa, mA DEpc = Epc � Ep1/2, mV aank0, cm s�1 aank0 � 10�3 cm s�1 in DMF50

N IRr N IRr N IRr N IRr N IRr N IRr N IRr

1.59 1.43 1.35
1.91

133 619 91.6
101

10 17 16.2 � 10�3 1.41 � 10�3 0.319 2.770.99 124

0.983 0.891 0.691 0.751 40.8 24 12.2 23 15 23 7.82 � 10�6 2.70 � 10�6 1.03 0.0740

0.651 0.661 0.453 — — 673 — —

16 23 9.40 � 10�5 11.4 � 10�5 4.65 1.43
1.49 1.04 — 0.961 38 16.1 23.7 31.6
1.69 1.68 — 1.26 37.6 172 — 11.7

0.331 0.651 0.311 — 89.6 66.6 35.7 —

15 12 6.66 � 10�6 84.9 � 10�3 — —
1.13 — 1.01 — 50.7 — 154 —
1.39 — — — 17.4 — — —
1.73 1.71 — 1.37 32.5 25 100 0.112 20 200

a a coefficient at a quasi-reversible and irreversible systems.
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(CVs) at similar concentrations and 100 mV s�1 scan rates
are also shown in Fig. 9. As can be seen, there is a difference in
the type of voltammograms of the compounds under
UV-illumination. A change in the current intensity and the
potential shifting of the reduction peaks for Z- or keto forms
was observed after illumination proving that the type of
isomerization affects the electrochemical behavior of the inves-
tigated compounds. The azomethine group in SB2 and SB3
becomes more easily reduced (Ep is slightly shifted in the positive
potential direction) and the current sensitivity increases in the order
SB1 4 SB2. Moreover, an anode peak is observed for SB2, with an
Ipc/Ipa E 1 and DEp (Ep,c � Ep,a) E 100 V, suggesting a quasi-
reversible nature of the electrode process (Table 7). It was proved

that in the case of the introduction of the –OH group at the ortho-
position, the negative shift of peak potential (Ep(c)2) takes place,
because of the electron donor effect.71 The square wave (SW)
technique demonstrates the complete reversibility of the electrode
process for SB2 and SB1 and a quasi-reversible electrode reaction for
SB4 (Fig. 9 and Fig. S11, ESI†). The two voltammetric techniques
(CV and SW) showed no change in the type of electrode reaction at
SB3 (Fig. 9 and Fig. S11, ESI†). Only the current decreases
dramatically upon irradiation, which indicates a decrease in the
reactivity of the molecules. Following the above, it can be con-
cluded that, after energy quanta irradiation, the stability of the
compounds in terms of electron exchange in the redox reaction
increases as follows: SB2 4 SB1 4 SB4 4 SB3.

Fig. 10 Voltamperograms of 3-amino-5,5 0-diphenylhydantoin Schiff base (SB1: 2.41 � 10�4) before UV-illumination at different modes (CV, SW and
DPP) in LiOH/LiCl (pH = 12.21) at working electrode: hanging mercury drop electrode (HMDE); CVs scan rate 100 mV s�1, SW 50 Hz.

Fig. 11 Plot of cathodic peak high, log Ipc nA vs. logarithmic value of scan rate, log n mV s�1 in the range from 20 to 300 mV s�1.
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The distance between Epc and half potential value Epc/2

(DEp = (Epc � Epc/2)) was found to be between 10 and 23 mV for
the SBs without (SB(N)) and with irradiation (SB(IRr)) (Table 7) and
the ratio of peak heights Ipc/Ipa is greater than one, suggesting the
reversible or quasi-reversible nature of the reaction of the electro-
chemical reduction process.72 For all compounds, a linear change
in the current height with an increase in the concentration was
registered. The voltamperograms for SB1 at different modes
(CV, DPP and SW) are presented in Fig. 10. A proportional
relationship between the current and concentration is also
observed in analyzes with differential pulse polarography (DPP)
and SWV (Fig. 10), which indicate that radical cations, reduction
products of the investigated compounds, are adsorbed on the
electrode surface. Kinetic data are shown in Table 7 and are
plotted in Fig. S12 (ESI†). The values of the heterogeneous rate
constant (k0) are calculated using the Reinmuth expression,
Ipc = nFACk0, given in the literature.73 Comparing the values of
the investigated SBs with those in the previous study we found
that the type of solvent, as well as the working electrode, does not
change significantly the value of k0 for SB2(N) and SB2(IRr).
A change of the heterogeneous rate constant is observed for
all the rest of the SBs as the value of the ‘‘k0’’ decreases 100 to
10 000 times indicating the lower electron transfer kinetics of
compounds and a quasi-reversible to irreversible nature of the
electrode reaction. Moreover, the irradiation of the compounds
does not have a significant effect on the value of k0 for SB1, SB2,
and SB3. However, the k0 value increased significantly after
irradiation of SB4 which may be related to the probable compres-
sion of the electrical double layer due to isomerization (Table 7).
This can be attributed to an increase in the stability of the
compound due to the quasi-reversible nature of the redox
reaction. The scan rate effect was also monitored for all SBs at
a scan rate from 0.2 to 3.0 V s�1 (Fig. S13 and S14, ESI†). The
negligible potential shift of the cathodic peak with an increase
in the scan rate (v) predicted the electrochemical process of the
compounds to be with reversible nature. We also found that
illumination influences the nature of the redox process. A
diffusion-controlled nature of the process was found for all
illuminated SBs (excepting SB2) after plotting log IpC vs. log v
with an increasing value of the slope as follows: SB1(IRr) o
SB3(IRr) o SB4(IRr) (Fig. 11). The slope values from 0.71 to
1.0 indicated the adsorption controlled process for SB1, SB3(N)
and SB4(N) while the slope value of B0.50 for the SB2(N)
showed the intermediate (diffusion cum adsorption controlled)
nature of the process.74

The controlled potential electrolysis technique (coulometry)
with a mercury pool cathode was used for the total number of
electron determination involved in the electrode reaction by
applying the equation: Q = nFw/M (where w is the weight of the
sample (in grams), M is its molecular weight, and F – Faraday
constant). The accumulated charge (Q) was read at a potential
corresponding to the current peak of the voltammogram. Based
on coulometric data (Table 2), it can be concluded that the
electro-reduction process for SBs is carried out by the addition
of 2 electrons and 2 protons to the –CHQN– center and the
corresponding reduction of the azomethine group in DMF at

the Pt-electrode.39 As an additional cathodic peak at E�0.650 V
is observed in the voltammogram of SB3, which is attributed to
the reduction of –NO2 group to hydroxyamine (–NHOH), the
reduction process of the compounds can be concluded to
involve 4 electrons and 4 protons in addition. Summarizing the
data from voltamperometry and coulometry, the mechanism of
the electrode reaction for the reduction of the –CNQN– group
can be represented as follows (Scheme 3).

4. Conclusions

A systematical study of four novel Schiff base derivatives of
3-amino-5,50-diphenylhydantoin containing different aromatic
moieties (SB1–SB4) has been presented. By using combined
approaches, experimental and theoretical, the solvent-driven

Scheme 3 Proposed redox mechanism of Schiff bases 1–4.
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bidirectional photoswitching behavior has been investigated by
optical and electrochemical methods.

Ground state DFT calculations in vacuo as E-isomers (SB1,
SB3 and SB4) and enol tautomer (SB2) were supported by X-ray
analysis, where near planar conformation around –CHQN–
bonds has been observed. The Z-isomers are characterized by
twisting conformation with a C10–N9–N8–C2 dihedral angle of
60–801 and such a structure suggests near T-shaped conforma-
tion forming a weak noncovalent interaction (NCI). The kinetic
results in 1,4-DOX display a T-type photoswitch behavior, because
the Z-isomer (at PSS) is unstable and rapidly reverts to the more
thermodynamically stable E-isomer at room temperature. The
opposite behavior was observed in DMF displaying P-type photo-
chromism related to the similar stabilities of both isomers
(bistable system). Azomethine aromatic species plays the key role
in forming weak NCIs with hydantoin rings in polar solvents.
These interactions are unfavorable in nonpolar solvents and lead
to fast Z/E thermal relaxation. The obtained kinetic results
indirectly support the DFT calculations using solvation in DMF.
Special attention was paid to SB2 in terms of its tautomerism in
the ground and excited states by absorption and emission
spectroscopies. The optimized structures of both tautomers in
the S1 excited state using solvation in DMF and 1,4-DOX support
the experimental observation, where the keto state (S1*) in DMF is
lower in energy compared to the energy of the enol state (S1) and
the ESIPT is observed by red-shifted keto emission at 483 nm. In
contrast, the energy of the keto state (S1*) in 1,4-DOX is much
higher than that of the S1 enol state and the ESIPT is unfavorable
with a long wavelength UV enol emission at 371 nm. By using
different spectral experiments for the SB2 containing salicylic
moieties, the evidence for solvent dependence bidirectional
switching via the excited state has been provided. The electro-
chemical behavior of SBs before and after UV-illumination was
helpful in estimating the mechanism of electron exchange in the
redox processes for E- and Z-isomers as well as keto and enol
tautomers. The results showed that the absorption of energy
quanta leads to changes in kinetics data, the type of electrode
reaction and the nature of the redox process of the compounds.

The variation of the solvent environment from nonpolar to
polar leads to the direct change of the bidirectional switching
behaviour from T-type to P-type. This gives the possibility of
gaining control over the thermodynamically unstable isomers/
tautomers between the two switched states.
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